ABSTRACT A novel and sensitive method is described for voltammetric study and determination of dinitramine, commonly used pesticide, based on its electrochemical reduction at a multi-walled carbon nanotube (MWCNT) modified glassy carbon electrode. Cyclic voltammetry (CV) was used to investigate the redox properties of this modified electrode at various solutions pH values and various scan rates. CV studies indicated that the reduction process has an irreversible and diffusion-like behavior in a reduction mechanism with equal number of electrons and protons. The square-wave voltammetry (SWV) was applied as a very sensitive voltammetric detection method for the determination of dinitramine. Under optimal conditions, the proposed method exhibited acceptable analytical performances in terms of linearity (over the concentration range from 4.0 × 10 −8 to 1.4 × 10 −6 and 1.4 × 10 ) and repeatability (RSD = 2.36%, n = 10, for 5.0 × 10 −6 mol L −1 dinitramine). To further validate its possible application, the method was used for the quantification of dinitramine in water samples.
Introduction
Commonly used pesticides can be harmful to people, pets, and the environment. Part of the problem is the toxicity of some pesticides, but even more important is the sheer volume of pesticides used in many countries every year. Much of it finds its way to our water, air, and soil. Studies show that the most commonly used pesticides are the ones most likely to cause water pollution. Dinitramine (Cobex) is a selective pre-plant herbicide which is incorporated into soil for the control of annual grasses and broadleaf weeds. It has been field-tested in the USA for weed control in cotton and soya beans. Cobex is being tested in the following countries in addition to North America: Australia, Bolivia, Brazil, Columbia, Egypt, France, Germany, Greece, Holland, Hungary, India, Italy, Japan, Kenya, Morocco, Rumania, South Africa, Spain, Sudan, Syria, Turkey, Tanzania and United Kingdom. The active ingredient of Cobex is (N3,N3-diethyl-2,4-dinitro-6-trifluoromethyl-m-phenylenediamine) which has the proposed common name dinitramine. 1 Dinitramine is irritating to skin and eyes (Scheme 1).
Dinitramine is detected mostly by chromatographic technology, such as gas chromatography, 2,3 electron captured gas chromatography, 4 gas chromatography mass-spectrometry with solid-phase micro extraction, 5 and high-performance liquid chromatography, 6 and computational analysis of the electrostatic potential, 7 has also been reported for the detection of dinitramine. However, seldom electrochemical techniques, which are often simple and less expensive, have been used to determine dinitramine. The nitro groups in dinitramine are easily reduced at the mercury electrodes. The major disadvantage was that the high toxicity of mercury may endanger the health of the analyst and cause new contamination. Because sustainable disposal of mercury is very difficult and expensive, the use of the material is strictly limited. Therefore it seemed very desirable to find alternative electrode materials which are less toxic than mercury but display similar or more excellent characteristics. Consequently, an elaborate search for various non-mercury electrodes to be used in the electrochemical analysis has been going on during the past years and chemically modified electrodes play a great role in these inventions. 8 To our knowledge, no paper has appeared for the determination of dinitramine using chemically modified electrode. Here, a novel sensitive voltammetric method based on a glassy carbon electrode with multiwalled carbon nanotubes was developed for the determination of dinitramine.
Recently, multifarious nano-materials have been applied in electro analytical chemistry. 9 Since the discovery of carbon nanotubes (CNTs) by Iijima, 10 carbon nanotubes have attracted enormous interest because of their unique structural, mechanical and electronic properties. The first application of carbon nanotubes in electrochemical analysis was by Britto 11 where a paste of CNTs in bromoform was packed into a glass tube and used to study the oxidation of dopamine. The subtle electronic behaviors of carbon nanotubes reveal that they have the ability to promote electrontransfer reactions when used as an electrode material in electrochemical research. However, the hydrophobicity of CNTs presents a major challenge when it comes to disperse and manipulate carbon nanotubes to give controlled modification of electrode surfaces. To exploit the potential applications in future nano-devices, it is necessary to develop versatile approaches to [12] [13] [14] In this article, dispersing multi-walled carbon nanotubes (MWNTs) is performed with the aid of dimethylformamide (DMF), and consequently, a MWNTs/DMF film was achieved on the glassy carbon electrode (GCE) surface via solvent evaporation. It is found that the MWNTs/DMF film exhibits a sensitive response to dinitramine.
Material and Methods

Materials
Dinitramine, purchased from Sigma-Aldrich, was used without further purification. Stock solution of dinitramine (1.0 © 10 ¹2 mol L ¹1 ) was prepared by dissolving the compound in methanol and kept in the dark at 4.0°C. Dimethylformamide (DMF) was purchased from Sigma-Aldrich. Carboxylated MWCNT (10-50 nm in diameter) was purchased from Notrino. All aqueous solutions were prepared with doubly distilled deionized water. Voltammetric experiments were performed using a Metrohm potentiostat/galvanostat model 797 VA. A three electrode system was employed with a platinum wire as counter electrode, an Ag/AgCl electrode as reference electrode and a MWCNT/GCE as working electrode. All potentials in this paper refer to Ag/AgCl electrode.
Method 2.2.1 Preparation of the MWCNT/DMF film modified GCE
A glassy carbon electrode of 3.0 mm diameter was used. It was polished successively with 0.3 mm and 0.05 mm alumina slurries (Metrohm) on silk, and sonicated subsequently in ethanol and deionized water each for 10.0 min. MWNTs (1 mg) were added into 2.0 mL plastic centrifuge tube, and 1.0 mL DMF was subsequently added into it. A well-dispersed suspension of MWCNT/DMF was obtained by ultrasonication for about 20.0 min. The GCE was coated by a drop of 3.0 µL MWCNT/DMF suspension and dried under infrared lamp in the air. Then the uniform MWCNT/DMF film containing a network of MWCNT was formed. The freshly prepared MWCNT/GCE were activated in 0.02 mol L ¹1 Britton-Robinson (B-R) buffer solution by using successive cyclic scans from 1.0 to ¹1.0 V until a stable voltammogram was obtained. After each measurement, the electrode surface was refreshed by the same methods mentioned above.
Procedure
Unless otherwise stated, a B-R buffer (0.02 mol L ¹1 , pH = 2.0) was used as the supporting electrolyte for dinitramine determination. Certain volume of standard solution of dinitramine was added into the 10.0 mL cell containing B-R buffer. The solution was deaerated with nitrogen at least for 2.0 min and finally the cyclic voltammograms or linear sweep voltammograms were recorded from 1.0 to ¹1.0 V after 5.0 s quiescence. The reduction peak currents around ¹0.50 V were measured for the quantification of dinitramine.
Results and Discussion
SEM characterization
The suspension of MWNTs/DMF was cast on a pretreated glassy carbon disk and the SEM image of thebare electrode and MWNTs/ DMF film formed is shown in Fig. 1a, b. From Fig. 1b , it can be found that the glassy carbon disk surface is completely and homogeneously coated by MWNTs. It also can be seen from this image that the MWNTs film contained very small portion of amorphous carbon impurities.
3.2 Electrochemical behavior of dinitramine at the MWCNT modified GCE Two successive cyclic voltammetry (CV) was performed in the potential range of 1.0 to ¹1.0 V to investigate the electrochemical behaviors of dinitramine (Fig. 2) . It can be seen from peak a2, that the onset of the reduction of dinitramine occurs at ¹0.29 V, and the current reaches its maximum at about ¹0.47 V at a bare GCE. The small peak current indicates sluggish electrode kinetics at the bare GCE electrode for dinitramine reduction. On the other hand, at the MWNTs/DMF film modified GCE, the reduction of dinitramine starts at about ¹0.27 V and a well-defined voltammetric current peak can be seen at around ¹0.50 V (peak b2). MWCNT greatly increase the rate of electron transfer from dinitramine to the electrode, which is attributed to MWCNT can improve the reversibility of the electron-transfer process and the high aspect ratios of the MWCNT can present a strict effect for more efficient reduction of dinitramine. 15 Peak b2, can be related to the irreversible reduction ofthe nitro groups (NO 2 ) to hydroxylamine group (NHOH), and peaks c1 and c2 are related to the irreversible oxidation of the hydroxylamine groups. Similar electrochemical behavior has been previously reported for voltammetric determination of similar nitroaromatic compounds such as, Azathioprine at thin carbon nanoparticle composite film electrode 16 parathion and chloramphenicolon the surface of Nafion-coated glassy carbon 17 and screenprinted electrodes. 18 Therefore, the electrochemical process of dinitramine can be represented by the following equations (Scheme 2).
Electrode behavior of dinitramine
The electrochemical behavior of dinitramine at different scan rates, from 0.01 to 0.2 mV s ¹1 , in the potential range from 0.0 to ¹0.6 V was investigated by using CV in Fig. 3 . Only a reduction Electrochemistry, 84(4), 228-233 (2016) peak appears even at 10.0 mV s ¹1 , and no corresponding oxidation peak was observed on the reverse scan, which suggests that the electrode reaction of dinitramine is totally irreversible. The experimental results showed that the reduction peak currents were proportional to square root of the scan rate at these electrodes, indicating that a diffusion-controlled process was involved in the electrochemical behavior of dinitramine at the MWCNT/GCE.
Electrochemical impedance spectroscopy (EIS) was employed to investigate the impedance changes of the electrode surface due to the modification procedure. Figure 4 shows the Nyquist plots of K 3 Fe(CN) 6 /K 4 Fe(CN) 6 at the bare GCE and the MWNTs/DMF film modified GCE. In these studies, high frequency zone, which appears as a nearly semicircle plot, can be ascribed to the kinetic limitations (Rct) of the electrochemical reaction. On the other hand, the linear behavior of Z Im versus Z Re in a low frequency region is characteristic of a diffusion-controlled electrode process. As can be seen in Electrochemistry, 84(4), 228-233 (2016) Fig. 4 , a semicircle with a very large diameter is observed at the bare GCE. However, the diameter of the semicircle is significantly reduced with MWNTs/DMF film modified GCE, which suggests that the surface of the modified electrode exhibits lower electron transfer resistance and greatly increases the electron transfer rate.
Effect of pH
The pH of the supporting electrolyte has a significant influence on the electroreduction of nitro groups at the modified electrode. Cyclic voltammograms of the modified electrode at different pH values in the range of 2.0-10.0 were recorded at the potential scan rate of 100 mV s ¹1 (Fig. 5a ). It was found that the peak potential shifted negatively with increasing pH, which suggests that H + participates in the reduction process. A good linear relationship was observed between the Ep and pH values in the range of 2.0-10.0 (Fig. 5b) . This relationship can be described by the following equation:
The slope of the linear variation of Ep versus pH under acidic conditions showed a value of about ¹57 mV per pH unit. This clearly indicates that equal numbers of electrons and protons are involved in the electroreduction of nitro groups on the surface of the modified electrode. In solutions with a pH value greater than 6.0 the slope is changed because the mechanism itself changes to where there are no protons involved before the rate determining step. Therefore, phosphate buffer at pH 2.0 was used as supporting electrolyte in all voltammetric determinations. On the other hand, the cathodic peak current increased by decreasing the pH from 10.0 to 2.0 (Fig. 5c ).
Effect of the amount of MWNTs/DMF suspension
The thickness of the MWCNT-DMF film on the GCE surface is determined by the amount of MWCNT-DMF suspension dropped on the GCE surface. The peak current significantly increased with increasing the amount from 1.0 to 3.0 µL. As the amount of suspension further increased, the peak current changed very slightly, and when the amount of suspension exceeded 6.0 µL, the peak current conversely decreased. This is probably attributed to the compromising effects of DMF on the electrochemical performance of the composite film due to the hydrophobic and insulating actions of DMF. As a result, an appropriate amount for the fabrication of MWCNT modified GCEs was determined as 3.0 µL of 1.0 mg mL
¹1
MWCNT-DMF suspension.
Analytical application and the response repeatability of
MWCNT modified GCE The analytical applicability of the above mentioned mechanism for the determination of dinitramine was examined through using cyclic voltammetry and square-wave voltammetry (SWV) upon the catodic peak of dinitramine. The voltammetric detection of dinitramine via the application of SWV has been used to achieve more accurate and sensitive voltammetric responses. In this regard, the CV and SWV response of dinitramine in buffered solutions with pH 2.0 under the voltammetric experimental conditions (voltage step: 0.005 V, pulse amplitude: 0.05 V, and frequency: 50.0 Hz) is recorded in the presence of various concentrations of dinitramine species. The results showed that during the addition of dinitramine to the buffered solution, an increase in catodic peak current is resulted. A linear dynamic range is obtained from 4.0 © 10 ¹7 to 5.5 © 10 ¹5 mol L ¹1 of dinitramine for CV and two intervals in the range of 4.0 © 10 ¹8 to 1.4 © 10 ¹6 and 1.4 © 10 ¹6 to 2 © 10 ¹5 mol L ¹1 of dinitramine for SWV, with a detection limit of 0.1 © 10 ¹7 for CV and 0.8 © 10 ¹8 mol L ¹1 for SWV (S/N 3) (Fig. 6 ).
Interference Study
A systematic study was carried out to evaluate the interferences of foreign ions and pesticides on the determination of dinitramine at the level of 1.0 © 10 ¹6 mol L
¹1
. We found that 500-fold concentration of trifluralin, 2-methyl,4,6-dinitropheol and 1000-fold 2¹ or SO 4 2¹ in the solution had almost no influences on the determination of dinitramine (signal change below 5%).
Application of the Method
In order to examine the suitability of the recommended method for determination of dinitramine in real samples, it was applied to tap water and waste water samples. The results of the analyses are collected in Table 1 . The data in Table 1 show that the method is accurate and percent recoveries between 99.0 and 102%. To prove the precision of the method, electrochemical experiments were repeatedly performed 10 times with the same MWCNT/GCE in the solution containing 5 © 10 ¹6 mol L ¹1 of dinitramine and RSD was calculated to be lower than 2.50% which revealed that the repeatability of the MWCNT/GCE was excellent.
Conclusions
It has been demonstrated that dinitramine, a nitroaromatic pesticide compound, can be determined using a glassy carbon electrodes modified with multi-walled carbon nanotubes. The results showed that the presence of carbon nanotube film on the surface of the electrode dramatically affect the kinetics and sensitivity of the electrochemical responses toward dinitramine. In these investigations, the electrochemical response corresponding to the reduction of nitro functional group was used as a sensitive procedure for the determination of dinitramine within two concentration ranges; 4.0 © 10 ¹8 to 1.4 © 10 ¹6 and 1.4 © 10 ¹6 to 2 © 10 ¹5 mol L ¹1 with a detection limit of 0.8 © 10
¹8 mol L
¹1
. High sensitivity and improved detection limit of the MWCNT/GCE are promising for the determination of trace amounts of dinitramine. Good precision and good recovery were obtained when the proposed method was applied to real water samples. 
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